Abstract. The aim of this work was to develop a simple and fast 3D MRI-based computer model of arrhythmia inducibility in porcine hearts with chronic infarct scar, and to further validate it using electrophysiology (EP) measures obtained in-vivo. The heart model was built from MRI scans (with voxel size smaller than 1mm
Introduction
Abnormal heart rhythms are often associated with infarct scars and are a major cause (>85%) of sudden cardiac death [1] . One dangerous manifestation is ventricular tachycardia (VT), where a "reentry circuit" facilitates an abnormal re-excitation of the tissue. In such cases, the electrical wave (i.e., the action potential, AP) loops fast around the scar and through a channel which contains viable bundles of muscle interdigitated within nonconductive collagen [2] . Should the VT circuit fails to be interrupted (e.g., via RF ablation lesions placed onto this channel), the abnormal propagation degenerates into lethal fibrillation, VF. The arrhythmogenic substrate is often located at the border zone (BZ) of the scar and is identified during a clinical electrophysiology (EP) study. The EP study uses surface measurements via invasive catheters and aggressive stimulation protocols to induce VT. More-over, many patients are hemo-dynamically unstable and the inducibility of VT can not be performed in the EP laboratory; thus, the substrate is difficult to identify and to ablate [1] . To complement the EP study in identifying the potential VT patients, 3D noninvasive imaging modalities (e.g., MRI) and computer modelling could be exploited. Several groups have shown that MRI can provide good characterization of the VT substrate by using contrast methods (i.e., delayed-enhanced DE-MRI) [3] . However, the in-vivo voxel size currently used in DE-MRI clinical studies suffers from partial volume effects that might affect the accuracy of the substrate identification, thus higher resolution is desirable.
Computer modelling is a valuable tool used in cardiac EP to understand the normal electrical activity and abnormal propagation of action potential (AP) waves [4] . Considerable efforts have been made by the cardiac computational community to develop multi-scale models (from molecular to tissue level), integrating microstructures and biophysical details into complex models [5, 6] . Several groups recently worked on developing MRI-based models suitable EP studies. One group [7] has focused on developing virtual models for mouse, rabbit, dog and human hearts from diffusion weighted DW-MRI scans, and further used them in combination with detailed, ionic equations to study VT inducibility, but their study lacked any EP experimental validation. Other researchers focused on using fast eikonal models, which can be attractive for patient-specific applications using clinical cardiac MRI models [8] but are not adequate for modelling reentry (since this model lacks the repolarization phase of AP wave); in addition, they used fibers from atlases which have unclear impact on the accuracy of computed activation times. On the other side, simple macroscopic formalisms based on two-variable equations [9] could be used to model re-entrant waves [10, 11] . We chose to explore this mathematical model, as well as to develop pre-clinical animal models to validate computations that would replicate exactly the in-vivo EP experiments.
The specific aim of this paper was to use a 3D MRI-based model together with a simple macroscopic formalism, to study VT inducibility in infarct hearts. For this, we used our recently developed experimental model in swine with chronic infarct hearts [12] . Here, we perform: i) the construction of the 3D MRI-based model (integrating anatomy, scar extent and fiber directions from DW-MRI); ii) the simulation of VT inducibility (replicating exactly the EP experiment); and iii) comparison of model predictions with those observed during the in-vivo EP study. Figure 1 illustrates the workflow of the current study.
Finally, to study the influence of anisotropy on VT inducibility, we generated synthetic datasets by allowing the helix angle to vary within a wide range (between epi-and endocardium). We then performed simulations with the synthetic dataset for which we found the smallest difference between the helix angle corresponding to synthetic fibers and to the fibers from DT-MRI. 
Electrophysiology Study
Myocardial infarction was generated in a swine model by a 90'-min coronary artery occlusion, followed by reperfusion (to create potentially heterogeneous infarct areas), in accordance to the animal protocol approved by our research centre [12] . In this current paper, we focused on two cases in which VT induction was performed: one animal had the left anterior descending (LAD) artery occluded (as shown in Fig. 2a , where the white arrow indicates the occluding balloon), while the other one had the left circumflex (LCX) artery occluded. The in-vivo EP studies were performed at 4-5 weeks post-occlusion and involved the inducibility of VT by following a precise stimulation protocol. This protocol employed the application of a train of stimuli S1 that paced the heart fast (to override the sinus rhythm SNR), followed by several S2-S3 extra stimuli, delivered from the tip of a catheter inserted into the apex of the right ventricle RV (Fig. 2b) . The ECG waves were recorded on a paper (allowing us to calculate the resulting VT cycle length when VT was induced).
Construction of the 3D MRI-Based Computer Model of the Heart
At the completion of the in-vivo EP study, the hearts were explanted, preserved in formalin for few days, and then MR-imaged for anatomy, scar characterization and myocardial fiber directions, using the diffusion weighted DW-MR pulse sequence described in [13] . The MR parameters were given in our previous EP studies [12, 14] , together with the methodology regarding the construction of the 3D model from apparent diffusion coefficient (ADC) maps, which were next used to segment the heart into three zones: healthy tissue, BZ and infarct scar. Surface meshes were then created for each heart from the 3D anatomy MR scan, and volumetric tetrahedral meshes were generated with TetGen package. Lastly, for each heart, several datasets of synthetic fibers were computer-generated, allowing large transmural variations of fiber direction, such that the helix (inclination) angle from endocardium to epicardium varied on a large range (each from 30º to 90º, with a 5º increment). The calculations of fiber directions and helix angle were performed with Matlab.
Mathematical Model
We used the macroscopic model developed by Aliev and Panfilov, which is simple, fast, and is based on reaction-diffusion type of equations [8] . In the system of equations given in (1-2) we solve for the action potential (V) and the recovery variable contribution (r) using the Finite Element Method, with an explicit Euler time integration scheme. The term -kV(V-a)(V-1) controls the fast processes (initiation and upstroke of action potential) via the threshold parameter a, while r, determines the dynamics of the repolarization phase.
This simple model accounts for the heart anisotropy via the diffusion tensor D (which also depends on tissue 'bulk' conductivity d). For instance, the value in the anisotropy ratio is set to 0.14 for a wave propagating almost 2.7 times as fast along the fiber as in the transverse direction. The input values for model parameters were taken from our recent optical fluorescence imaging study performed in infarct hearts [14] , and these values were assigned per zone (i.e., infarct, BZ and healthy) and are given in Table 1 . Specifically, the values for a (tuning the duration of AP), k (tuning the up-stroke of AP) and the normalized conductivity d were set as in Table 1 (note that a and k values in the scar zone are similarly set like those for BZ, but are in fact irrelevant because the scar is unexcitable, thus d is to 0 (i.e., the AP wave does not propagate through the scar). The heart stimulation in the computer model was achieved as follows: i) the sinus rhythm was simulated by applying a square pulse of maximum amplitude (i.e., V = 1 since the model output has normalized values for AP) and of 5 ms duration, on both endocardial surface of RV and LV (to mimic Purkinje activation); and, ii) the pacing was simulated by applying a combination of stimuli S1-S2(-S3). These were square pulses 5 ms in duration, of maximum amplitude (i.e., V = 1) replicating precisely the stimuli duration and timing like in the EP study, as well as the location of the pacing catheter (at the apex of the RV-endocardium, indicated by the red dot in Fig 2c) .
Results

Assessment of VT Inducibility in the EP Study
During the EP experiments, the LCX-infarct heart had non-inducible VT after thirteen pacing stimuli S1 = 550 ms, followed by two S2 extra stimuli at 400 ms and one S3 at 300 ms (thus, S2-S3 coupling interval was 100ms). S3 failed to induce VT, and, consequently, the sinus rhythm was recorded after that (Fig 3a) . For the LAD-infarct heart the VT was induced after pacing with eight stimuli S1 = 800 ms, followed by three S2 extra stimuli at 300 ms which induced VT; several VT cycles were recorded, of approximately 250 ms length (Fig 3b) . Figure 4 shows the results obtained in the LVX-infarct heart, illustrating the construction and parametrization of the 3D MRI-based computer model, together with an example of theoretical propagation of AP wave computed for this heart with noninducible VT. Specifically, the left panel shows an example of ADC map (2D axial view through the heart) with elevated values of ADC in the scar area, together with the fibers from DT-MRI (with notable severe fibers' disarray in the scar zone). The 3D conductivity map corresponding to the MRI-based model is also illustrated (note that d is set to zero in the scar zone shown in black, and has reduced values in the BZ, as per the input values given in Table 1 ). The input model parameters also resulted in different EP characteristics for AP wave per zones, for instance: i) the AP duration at 90% recovery is 320 ms for healthy tissue and 275 ms for BZ (as measured in [14] ); and ii) Fig. 3 . Non-inducible VT in the LCX-infarct heart, ECG waves recorded at 25 mm/s (a); and inducible VT in the LAD-infarct heart (ECG waves recorded at 10 mm/s), with resulting mean VT cycle length of 250ms (b) the AP wave has reduced amplitude in BZ (only 0.9) and a slower up-stroke speed compared to the AP wave in the healthy zone. The right panel of Fig. 4 presents simulated activation maps; illustrated are isochronal maps of depolarization times for sinus rhythm (SNR) and following paced cycle (S1), as well as computed all AP waves. All 3D heart images in Fig. 4 are in presented in a lateral-posterior view.
Assessment of VT Inducibility in the 3D MR Image-Based Model
Fig. 4. Left panel:
The 3D MRI-based parametrized model for the LCX-infarct heart (from segmented ADC maps, and fibers from DT-MRI), together with input 3D conductivity map (with scar in black, healthy in green, BZ in light-blue) and corresponding AP waves (with smaller AP amplitude and shorter duration in the BZ than in the healthy zone). Right panel: simulated isochronal maps (depolarization times, with color scale corresponding to early activation times in red and late activation times in blue) during SNR & pacing, and computed AP waves before and after the application of S1-S2-S3 train (resulting in non-inducible VT).
(a) (b) (c) (d) Fig. 5 . Effect of fiber architecture in the LCX-infarct heart: (a) computed helix angle (in a short-axis view) corresponding to synthetic fibers (up) and fibers from DTI (bottom); (b) histogram of angular difference plotted over the vertices in the heart mesh; (c) histological sample taken from the scar area; and (d) and isochronal map of depolarization times during S1 pacing, computed using the synthetic fibers (color scale as in Fig. 4 ) Figure 5 shows an example from the results obtained by computer generated synthetic fibers, for which the helix angle varied from +45° on the epicardium to -60° on the endocardium the for LCX-heart. This dataset gave the smallest angular difference (mean ± SD) between the helix angle of synthetic and DTI fibers (i.e., 41.7 ± 20.7° in the healthy heart, and 40.7 ± 18.6° in the scar zone, respectively), see figure caption for more details.
Histological image of Picrosirius Red stain (corresponding to the white square selected in Fig 5a) , demonstrated collagen deposition in the transmural scar (in red) and alteration in myofibers' architecture (Fig 5c) . Figure 5d shows the activation times obtained using this synthetic dataset, which gave us a mean difference value of 6 ms (over all vertices), compared with the activation times obtained for the case in Fig.4 . Figure 6 presents the 3D MRI-based model obtained for the LAD-infarct heart. The same values for a, k, and d parameters were assigned per zones as for the LCXheart. The volume of the scar and border zone was significantly larger than for the LCX-infarct hear; the scar geometry and heterogeneity are notable in the conductivity map. These could explain the inducibility of VT in this LAD-heart.
Fig. 6. Upper panel:
The 3D MRI-based parametrized model for the LAD-infarct heart from segmented ADC maps, together with a top view through the mesh (note the BZ in blue, is visible through the mesh) and the input 3D conductivity map (with d-values assigned per zone: with scar in black, healthy in green, BZ in blue). Lower panel: simulated isochrones maps (depolarization times) after the S1-S1-S1 train and an extra stimulus S2, resulting in inducible VT and reentrant wave propagating around the scars, in the directions indicated by the white arrows (color scale corresponding to early activation times in red and late activation times in blue).
Fig. 7.
Effect of fiber architecture in the LAD-heart: (a) computed helix angle (seen through the 3D volume) for synthetic fibers; (b) histological sample take from the septum area indicated by the black rectangle in (a); (c) synthetic fibers displayed on the 3D mesh; (d) histogram of angular difference plotted over the mesh; and (e) absolute difference between activation times computed with DTI-fibers and synthetic fibers (after S1 pacing) Table 2 . Quantitative error analysis associated with differences between activation times computed with DTI fibers and synthetic fibers, respectively Heart r RMS-error mean ± S.D (ms)
LCX-infarct heart 0.97 11.4 6.2 ± 4.7 LAD-infarct heart 0.91 22.5 11.1 ± 8.1 Figure 7 shows results obtained for the synthetic fibers generated for LAD-infarct heart. Fig 7a shows the 3D image of the helix angle for the dataset that gave the smallest angular difference (mean ± SD) between this helix angle for synthetic set (with fibers direction shown in Fig 7c) and DTI fibers, that is, 39.8 ± 23.7° in the healthy heart and 64.1 ± 18.5° in the scar zone, respectively (Fig 7d) .
Histological image of picrosirius red stain is presented in Fig 7b ( for the sample corresponding to the black rectangle selected in the ventricular septum, as seen in Fig  7a) . The histopathology demonstrated severe dense collagen deposition and fibers' disarray in the scar area, with islands of viable myocytes at the BZ. Figure 7e shows the absolute difference between computed activation times using DTI fibers and synthetic fibers, and errors indicated in Table 2 . Note also that an absolute difference of 12 ms was obtained between the activation times computed during VT using DTI-fibers (with a cycle length of approx 273 ms) and the synthetic fibers (CL of approx 285ms). Table 2 summarizes the errors associated with the differences between the activation times computed using DTI-fibers and using synthetic fibers (for the dataset that had the helix angle varying from 45° on the epi-to -60° on the endo-cardium). For this comparison, we calculated the Pearson's correlation coefficient (r), RMS error and mean ± S.D. (over the vertices in each heart mesh). Notable is the higher r value and a smaller RMS-error and mean difference, for the LCX-infarct heart; we attributed this result to the very small volume of BZ in this heart.
The mesh for the LCX-infarct heart had 212,678 elements, whereas for the LADinfarct heart the mesh had 245,591 elements. A time step of 5x10 -5 s yielded a computational time of 50 min for 1s of simulated heart cycle on a regular PC.
Discussion and Future Work
To study the key characteristics of VT potentially observable with non-invasive imaging modalities and to predict VT inducibility, one needs to construct patientspecific models and identify the substrate associated with chronic infarct scars. However, prior to integration into clinical applications, such models have to be properly validated using experiments selected to reflect the electrophysiological phenomena at spatio-temporal scales similar to those considered in simulations.
In summary, in this work we developed and tested a simple and fast 3D MRI-based computer model of arrhythmia inducibility in porcine hearts with chronic infarct scar, and validated it using in-vivo EP measures. Simulation results were performed for two infarct hearts: one with non-inducible and another with inducible VT, successfully predicting the outcome as in the in-vivo EP studies. For the inducible heart the average predicted VT cycle length was slightly longer 273 ms compared to recorded cycle 250 ms, possibly due to model input parameters or simplified global parameterization. A finer tuning could be performed by partitioning the heart in smaller zones as in the optical study presented in [14] .
Currently, in our experimental model, we have chosen to use juvenile swine (weighing approximately 40-45kg at the sacrifice time), because they do not have yet M-cells (which account for heterogeneities in AP duration in mature endo-, mid-and epicardial cells). Therefore, our experimental model has simplified restitution properties, with APD constant within the cardiac wall. We thus parameterized the model with constant values for k, a and d throughout the heart mesh. However, one study limitation is that the values of these parameters were derived from an ex-vivo optical study [14] . Further experimentation is needed to measure restitution properties in-vivo and to customize these model parameters from in-vivo pacing scenarios.
The simulation results obtained with synthetic fibers were encouraging, with rather small differences between activation times. Synthetic fibers are also feasible to use for predicting the VT inducibility. The smallest variation of helix angle between DTIfibers and synthetic fibers corresponded to a transmural variation of this angle from -60° on endocardium to +45° on epicardium. These values are within ranges reported by other studies performed in sheep, swine and canine hearts [13, 15, 16, 17] .
This study used only two hearts, thus further experimentation is needed to fully validate the model. Moreover, to better understand the physical conditions associated with VT inducibility in various reentry circuits, future work will focus on study the influence of scar location, geometry, size and transmurality. Furthermore, we will also focus on building accurate EP models for individual hearts by incorporating in-vivo MR data. For the in-vivo characterization of infarct heterogeneities we can use contrast-agent methods instead of DW-MRI (since the latter is not currently suitable to routine clinical investigations due to image noise and motion, as well as long scans associated with many directions of gradient diffusion [17] ). In a recent MR study performed ex-vivo in porcine hearts with chronic infarct (with voxel size 0.63x0.63x0.6mm
3 ), we reported very good agreement between delineation of infarct heterogeneities in MR images obtained using contrast agent method and DW method [18] . This gives us confidence to build, in the future, similar contrast MR-based heart models, and, based on the results of this paper, to use synthetic fibers when DTI data is not available.
